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INTELLIGENT MODELING AND CONTROL OF 
OPTOELECTRONIC AUTOMATION 



BACKGROUND OF INVENTION 

1. Field of Invention 

10 This invention relates to the automation of the packaging and assembly of 

optoelectronics. Specifically, the present invention relates to the provision of intelligent 
control and system level modeling in order to obtain high performance, low cost 
automation of optoelectronic assembly and packaging. 

15 2. Description of the Related Technology 

The current trend in optical microsystem design is to exploit advanced devices and 
new system architectures to achieve greater system performance, such as higher data 
rates or brighter displays. Advancements in the optics field may have driven up the 
20 demand for complicated devices, however the packaging and assembly of these 

complicated devices has not increased in sophistication. As a consequence the ciirrent 
methods of packaging and assembling optoelectronics do not produce the most favorable 
results. 

Examples of new devices increasing optical capacity are numerous. Research is being 
25 performed in micro-electrical-mechanical systems (MEMS), in which micro-machined 
mirrors steer an optical signal through a switching network. Next generation systems, 
supporting terabit/sec conmiunication are being designed with thin film electro-optic 
modulators, low-loss hetero-structure waveguides and photonic integrated circuits, and 
high efficiency, edge-emitting, multi-wavelength quantum dot laser arrays. Other 
30 nanostructures are being used in WDM systems for optical signal processing, polarization 
control of VCSEL lasers, all-optical buffers, and micro-resonators. Beyond the 
telecommunications field, there have been advances in devices for displays and sensors. 
These include, holographic polymer dispersed liquid crystals, photonic crystals, and 
nano-tubes. 
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Although there has been much advancement in the field of complex optical devices, 
there has been little to no advancement in the assembly or packaging of these products. 
However, to push towards the theoretical limits of optical microsystems, ticcuTQte 
S alignment and packaging of multi-domain systems is required. Packaging is a 

challenging problem, as systems are typically manually aligned. This technique is labor 
intensive, slow, and can lead to a poor performance of the optical system. Even with 
recent progress in the development of devices and microsystems, the packaging and 
assembly of these systems remains as a possible critical limiting factor to their 

10 commercial success. 

Automation is the key to high volume, low cost and high consistency manufacturing, 
while ensuring perfoimance, reliability and quality. There is a growing interest in the 
development of automation techniques for photonic alignment and packaging, as the 
optical microsystem industry desires the benefits of automation experienced by, for 

15 example, the semiconductor industry. However, the photonic conomunity cannot simply 
use the same automation processes as the semiconductor industry. Tlie equipment is not 
optimized for optoelectronic packaging automation since the optical and geometric axes 
of these optical microsystems are often not aligned with one another. This points out the 
fundamental difference between electrical, or semiconductor automation, and optical 

20 automation. In the electrical domain, a good attachment occurs between two components 
when they physically touch and solder flows between them. However, in the optical 
domain, not only is a good connection needed, an exact orientation alignment is required. 
As a result, packaging costs currentiy accoimt for 60-80% of die entire photonic 
component cost. 

25 The current automation technique has many limitations. First, if the optical 

wavefix)nt is not a synunetric uni-mode function, the control algorithm can get "caughf ' 
at local power maximums instead of the global maximum of the entu^ wavefiiont. This 
error can yield a dramatic loss in power efficiency, SNR, and BER for the assembled 
product. Therefore, as the complexity of the optical wavefiront increases, possibly with 

30 the addition of complex devices such as MEMS and diffractive optical elements (DOE), 
thr current technique of alignment might not yield maximum system performance. 
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Secondly, since multi-space searches are employed with a gradient ascent 
algorithm, the convergence time of the alignment equipment will depend on factors such 
as the control resolution and processing power. A package with multiple degrees of 
frpftdoni msy result in a delayed assembly line, since the gradient ascent algorithm fcr 
5 multiple axes is very slow and sometimes non-converging. This increases the cost of the 
automation process. Lastly, current servos and control (PID) loops deployed for 
semiconductor equipment do not employ process knowledge base data in the loop. 

Most of the existing photonic automation systems couple laser diodes to fiber, fiber to 
fiber, or waveguide (on an integrated circuit) to a fiber. The state-of-the-art technology is 

10 based on industrial and semiconductor automation, robotics, motion control, sensor 
technology, and existing capital equipment For uni-mode optical signals, such as 
Gaussian shaped beams emitted firom laser sources, waveguides, and fibers, photonic 
automation is advancing. However, to date, no significant defined standard has been 
developed to implement automation for general optical systems. Therefore, the majority 

15 of production lines for photonic systems are still only poorly automated. 

Currently, photonic alignment research is performed in academic institutions by 
examining how packaging and alignment can be designed in the system substrate trough 
micromachining. In addition, some leading automation and optical component 
companies have realized the importance of automation for photonic systems. The control 

20 loop implemented by these industries is described in and seen in Figure 1 . 

The technique in Figure 1 is based on a combination of visual inspection and 
maximizing power alignments. This work has shown promise for the support of optical 
automation for simple uni-modal power distributions, as the Proportional Integral 
Derivative (PID) loops converge to a single mode. The loop 100 in Figure 1 is called the 

25 servo-feedback loop. The servo-feedback loop performs a gradient ascent 108 on the 
measured optical power by comparing consecutive power readings Pk and Pk-i 1 12 at 
configurations Xk and Xk-i. A gradient, (Pk-Pk-i) / (xk-Xk-i), is formed which guides the 
axis motion to the next configuration, Xk+i: 



30 x*+, + 7 ((Pk-Pk.i) / (Xk-Xk.i)) 
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where, rf is the gradient accent coefficient, which is the resolution of the step. 

Currently, the control loop is initiated to a set point (xo) by a vision system 102. Key 
shapes of the fiber or waveguide are searched for in the field of vision of a CCD camera 
fncused at the alignment and attacbjncnt point. From thcsc searches, the automation 
S software ^Visualizes" the desired link, and initializes the control motors with a 

determined set point via the initialization loop 104. After detennining the vision set point, 
the alignment is fine-tuned by the local gradient ascent search to a local power maximum, 
as described in Figure 1. Each axis of motion is independently controlled, and typically, 
the number of controlled axes is quite small. To obtain the required power measurement, 

10 a laser is used to excite the system and a power meter is attached to the output fiber, this 
can be seen in step 106. In the event that the system is not being aligned correctly the 
system stops and the alignment is fixed in step 1 10. In efforts to decrease the amoimt of 
time to determine the peak power mode, efficient positioning algorithms have been 
implemented, based on the assumption that the power distribution will always be a uni- 

15 mode (Gaussian) shape. The algorithm picks three initial points and measures the power 
at each. From these results, the algorithm determines three new points based on a 
Gaussian distribution, and continues this process until the power peak is found. 

Due to the limitations of the current automation techniques discussed above, there is 
a need for a knowledge based modeling process for the automation of photonic systems 

20 in order to reach the potential of the high-capacity optical systems in which packaging 
and automation are keys to performance and cost 



SUMMARY OF THE INVENTION 

25 

Accordingly, it is an object of certain embodiments of the invention to provide 
advanced device specific optical automation as well as intelligent control to yield high 
performance, low cost automation for optoelectronic design, packaging and assembly. A 
knowledge based model is used in the control loop, in order to predict the best design, 
30 assembly and/or packaging for a given application, along with a completely automated 
active optical feedback loop for ensuring an accurate and efficient automation of the 
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design, packaging and/or assembly of optoelectronic devices without the need for human 
inspection and testing. 

Knowledge based control algorithms, provide a new paradigm for photonic 
automation. Previous device and process knowledge are exploited in on-line control loops 

5 to optimize design, assembly and packaging of optoelectronic devices. Not only will this 
* decrease the cost of system assembly and packaging, including alignment, this technique 
will employ existing capital equipment infrastructure (from semiconductor and industrial 
automation) and increase the system performance in terms of bit error rate (BER), signal- 
to-noise ratio (SNR), insertion loss, crosstalk, and coupling. As device and system 

10 designs become more complex, the advantages of this technique will be magnified. 

In another aspect, the present invention relates to a system for the design, 
packaging and automated assembly of optoelectronic devices. The system includes an 
automated device configured for the manipulation and handling of optoelectronic device 
components and a knowledge based model derived from a set of parameters for 

15 optoelectronic devices. These parameters can comprise one or more of the following; 
alignment factors, type of assembly task, material type, geometry, dimensions, as well as 
optical characteristics and features of the optoelectronic device and/or its components. 
There is also a database in which the knowledge based model is stored for use by the 
system. 

20 The system also includes a controller that controls the automated device. This 

controller is enabled to receive information bom the database. The controller is made up 
of an initial set point device, and a servo-feedback loop. The initial set point device uses 
the knowledge based model for setting an initial set point. The servo-feedback loop 
begins at the initial set point and controls the movement of the optoelectronic 

25 components. A measuring device is used for taking measurements in the system. These 
measurements are used by the servo-feedback loop to adjust the movement of 
components in the system. 

In another aspect, the present invention relates to a method for the design, 
packaging and automated assembly of optoelectronic devices. The method includes the 

30 steps of providing an automated device configured for the manipulation of optoelectronic 
device components, determining an initial set point using a knowledge-based model of 
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the optoelectronic device, providing the initial set point to a servo-feedback loop, 
positioning the device to the initial set point, obtaining a measurement of the system with 
a measuring device and then using the measurement to adjust the position of one or more 
of the opto^lcctionic device compcnents. 
5 These and other aspects of the present invention will be apparent from the 

detailed descriptions of the invention, which follow. 

BRIEF DESCRIPTION OF THE DRAWINGS 

10 

Fig. 1 shows a prior art method for performing automated optoelectronic packaging. 
Fig. 2 shows an overview of the system of the present invention. 

15 Fig. 3 shows an overview of another embodiment of the system of the present invention 
including a learning loop. 

Fig. 4 shows an expanded breakdown of the knowledge-based method of the presOTt 
invention. 

20 

Fig. 5 shows intensity cross-sections of plane wave propagation past an aperture 22.5, 
56.25 and 225 ^m. 

Fig. 6a shows a contour diagram of the power coupled int an 8 |im fiber a wave front. 

25 

Fig. 6b shows an intensity contour of a wavefront propagated 22.5 \jan past a 30 jun 
aperture. 

Fig. 7a shows a star coupler. 

30 

Figs. 7b-7c show optical intensity contours three dimensions and two dimensions for the 
star coupler of Fig. 7a. 



6 



PATENT 



DREX-1007 



Fig. 8 shows a comparison of the knowledge based control method of the pr^ent 
invention to a conventional alignment control method in both two dimensional and three 
dimensional graphs. 

5 Fig. 9 shows an iterative time-step comparison of the knowledge based control system of 
the present invention to the conventional alignment control method employed in Figure 8. 

Fig. 10 shows Fiber Array alignment of the hill climbing algorithm and the knowledge 
based control loop. 

10 

DETAILED DESCRIPTION 

1. System Overview 

15 The system and method of the present invention can be iised in the automation 

and assembly of a variety of optoelectronic devices such as couplers, fiber optic couplers, 
fused biconical tapered couplers, switches, optical switches, wave-division multiplexers, 
filters, attenuators, polarizers, waveguides, sensors, fiber optic sensors, connectors, fiber 
optic connectors, pigtails, fiber optic pigtails, patch cords, fiber optic patch cords, 

20 transmitters, fiber optic transmitters, receivers, fiber optic receivers, amplifiers, an optical 
amplifier, a fiber optic amplifier and other similar devices and/or components. 

By using a knowledge based packaging and assembly technique for the 
automation of photonic systems, the system of the present invention overcomes certain 
limitations of current photonic automation systems. This knowledge-based automation 

25 technique requires accurate and efficient optical models. In that respect, the system 
preferably employs validated existing optical models and/or new advanced models for 
complex devices and systems. 

Figure 2 shows a general overview of one embodiment of a system in accordance 
with the present invention. Controller 200 is comprised of an initial set point device 202, 

30 and a servo-feed loop 204. Controller 200 may typically be a CPU or other processing 
device that is connected to the overall assembly system. Alternatively, controller 200 
could be comprised of a plurality of processors connected to the system via the Intemet, 
or by wireless connections. 
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The initial set point device 202 employs a knowledge-based model 210 received 
from a database 208 in order to calculate the initial set point Xo used by the system. In 
one preferred embodiment, the knowledge-based mode 210 is an optical power 
propagation model. However, other optical wavefonns chanicteristics and features can 
5 could alternatively be employed as the basis of the knowledge-based model 2 1 0, or as a 
portion of knowledge-based model 210, in order maximize the efficiency of the system. 
Other features or characteristics can be, for example, optical intensity, optical phase, 
optical polarization and combinations thereof The database 208 can be a CPU, or can be 
comprised of on-line storage devices. The database 208 can be maintained at a separate 

10 locality from the assembly and be operated independentiy to supply the model 210 to 
various systems located at different locations. The controller 200 could then download 
the appropriate model 210 when needed. Altematively the database 208 could be stored 
on the same CPU as the controller 200. 

The servo-feed back loop 204 uses the initial set point Xo and at least one 

15 measurement obtained from the measuring device 206 to operate the automated device 
212. The measurement obtained is typically that of an optical feature or characteristic 
such as optical power, optical intensity, optical phase or optical polarization, and can be 
measured in a variety of manners. Altematively one or more other measurements could 
be made by the system and the set point could be established based upon that 

20 measurement or a combination of different measurements. A measurement could be made 
of the optical intensity, optical phase, optical polarization, and combinations thereof The 
automated device 212 then operates to assemble the components of the device. An 
artisan familiar with the ass^bly and packaging of optoelectronic devices would be 
familiar with the range and scope of suitable automated devices that can be used by the 

25 system for packaging and alignment of components. 

Figure 3, shows an alternative embodiment of a system in accordance with the 
present invention. This alternative embodiment additionally includes a learning loop 
314. Controller 300 comprises an initial set point device 302 and a servo-feedback loop 
304, however it also includes learning loop 314. Learning loop 314 operates witiiin the 

30 system to help control the automated device 312 in an improved maimer. The controller 
300 will receive a knowledge-based model 310 from the database 308, and the initial set 
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point device 302 will use the knowledge-based model 3 10 to provide the initial set point 
Xo. Learning loop 314 monitors measurements taken by measuring device 306 and 
compares the values in order to improve the set point determination based on the 
knowledge-based model 3 10 for future device as5«mbly. This permits the system to 

5 make improvements to the knowledge-based model 3 1 0 based upon actual conditions 
occurring during the assembly process. 

Although the operation of the system is detailed above, furdier detail will be 
provided about the knowledge-based model 3 10 below. The overwhelming majority of 
currently deployed control loops are of the simple feedback type, including Proportional 

10 (P), Proportional and Integral (PI) or Proportional, Integral, and Derivative (PID). 

However, in addition to the feedback module, the Model Based Controller of the present 
invention includes a "feed-forward" element, which determines the initial set point. The 
feed-forward element is typically based upon a priori knowledge regarding the process to 
be controlled. Such a controller is denoted as a "Model Based Controller." This family of 

15 controllers includes: Model Reference Adaptive Control (MRAC), Internal Model 

Control (IMC), Model Predictive Control (MPC), and Intelligent Control such as Expert 
Control, Neurocontrol, and Fuzzy Logic Control. 

Figure 4 shows an expanded breakdown of the Model Based method employed by 
the system of the present invention. As seen in the figure, there are three main 

20 components of the control algorithm. The innermost servo-feedback loop 414, shown in 
Figure 2, fiinctions in a similar maimer as the servo-feedback loop described in Figure 1. 
The servo-feedback loop 414 performs a gradient ascent 408 on the measured optical 
power P and attempts to converge on the local maximum optical power by comparing 
consecutive power readings Pk and Pk.i 412 at configurations Xk and Xk.i. Once 

25 convergence is complete, the system proceeds to stop motion step 416. A gradient, (Pk- 
Pk-i) / (Xk-Xk-i), is formed which guides the axis motion to the next configuration, Xk+i: 

x*+/=Xit+ ^((P*-P*.i)/(xrX*.i)) 

30 where, rj is the gradient ascent coefficient, which is the resolution of the step. Motion 
control step 410 performs the fimction of adjusting the optical componrats based on the 
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output of servo-feedback loop 414. However, in this case, the servo-feedback loop 414 is 
initialized with a different, more advanced set point Xo, as described below. 

The feed-forward loop 405, denoted (B) in Figure 4, provides the servo-feedback 
loop 414 with a "smart" initial set point to track. There can be a visual inspection and 
manual alignment 402, but use is also made of an optical power propagation model 403. 
The "smart" set point is selected by the initialization loop 404 on the basis of a properly 
derived, optical power propagation model 403, which can be stored in a database or 
computed on-line. The optical power propagation model 403 is device and assembly task 
specific, that is, different devices with different alignment and assembly tasks will 
possess unique power distribution functions. As new assembly tasks are submitted to the 
control machinery (e.g., inputs to the feed-forward block), the model 403 is activated and 
generates a new set point for the inner servo-feedback loop 414 to track and lock onto. 
This information is used in the initialization loop 404. It is emphasized that Xo generated 
by the knowledge based control method, in general, is diflferent firom the value of Xq 
presently produced by the controller seen in Figure 1. This new Xo position forecasts a 
knowledge based nominal configuration for maxiniiun power transfer. 

The knowledge based control method can be derived fi-om a set of known 
parameters for the optoelectronic device. For example, an optical power propagation 
model can be derived from set of one or more of the following parameters for 
optoelectronic devices: alignment factors, type of assembly task, material type, geometry, 
dimensions, design tradeoffe and the assembly apparatus. Therefore the system can take 
into accoimt a wide range of environmental factors as well as assembly and automation 
factors in developing the control method. This information can be used for the 
optimization of the design of the automation system itself and/ or the components of the 
device. Assembly machinery can be adjusted as well. 

In an altemative embodiment the system of the present invention further includes 
a learning loop 418. The learning loop 418 is preferably the outermost loop in order to 
provide opportunities for the system to improve upon its knowledge-based model and 
adjust its accuracy on the basis of "experienced evidence" or a mismatch between 
expected power and measured power at a specific axes configuration. The learning loop 
is preferably only activated at a lower sampling frequency for specific and appropriate 
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tasks. The data received by moving to set point Xt using the motion control loop and the 
measuring of the power when Xk is reached is used by both the servo-feedback loop 
414, and the learning loop 418. The learning loop will use the data in its learning 
algorithm and model parameter adjustment. The learning Innn 4 1 R 

CEH employ 

5 measurements of optical power, alignment factors, material features, geometry and 
dimensions to adjust the knowledge based model. The learning loop can also use 
statistical quality control or field data based on exp^ience of handling the device itself. A 
manufacturing database can be updated based on information gathered during use of the 
machinery or maintenance, or observations made from other similar systems employed in 

10 the automation of the packaging and assembly. 

Using a knowledge based control technique provides many advantages over the 
current photonic automation techniques. The technique can support the packaging of 
systems not emitting optical power in an ideal uni-mode power distribution. Therefore, if 
the optical power distribution has many peaks and valleys, using a knowledge-based 

15 model enables prior knowledge of which peak will nominally contain the most optical 
power. From the position of the power peak, optimal alignment can be obtained, as the 
control loop avoids finding and being positioned in local power maximums. Unavoidable 
errors, such as manufacturing errors and misalignments, will be partially corrected with a 
PID feedback loop, found in addition to the feed-forward loop. An additional advantage 

20 of the technique, whra compared to today's standards, is the time that the automation 
control loop takes to track the peak power position. It can greatly decrease this time with 
the feed-forward block of the algorithm. Using advanced simulations, an initial position 
that is close to the optunal position can be found. Therefore the system does not have to 
search the complete optical field space. This reduces the required field of view and 

25 required resolution, which can lower the cost of the automation sensors, software, and 
hardware. Also, as the number of packages to be assembled increases, the packaging 
time of an individual device is critical. This time directly effects the packing time of the 
entire lot of devices, which is an important cost factor for large manufacturing runs. 

For example, having prior knowledge of how tilts of the fiber or waveguide affect 

30 the performance of the system is important. Tilts are the most challenging aspect of 
alignment using the current methods. To use gradient ascent to position in the x and y 
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directions is fairly straightforward for a uni-mode optical power distribution. However, 
when adding the complexity of tilts into the alignment, the control loop dramatically 
slows down as the number of parameters required tooptimize the alignment position 
increases. With the Imowledge. bas? control algorithm, the system can reduce the costly 
5 time of optimizing tilted, and more generally, multi-axis systems. 

2. Optical modeling techniques 

a. Rayleigh-Sommerfield technique 

As part of the knowledge based control system for the automation of photonic 
10 devices, there is a need to perform accurate, yet efficient optical modeling for the feed- 
forward portion of the control algorithm. In this section, an optical modeling and 
simulation technique that is used in the system of the present invention is described in 
detail. 

When optical wavefronts interact with the small feature sizes of micro-systems, 
15 many of the common optical propagation modeling techniques become invalid, and fiiU 
vector solutions to Maxwell's equations are required for accurate simulation. However, 
these accurate solutions are computationally intensive, making interactive simulation 
between the control loop and the optical modeling tool almost impossible. To reduce the 
computational resources of modeling the optical wavefront in free-space by the vector 
20 solutions, a scalar representation can be used. For example, the Rayleigh-Sommerfeld 
formulation can be employed. The Rayleigh-Sommerfeld formulation is derived from the 
wave equation for the propagation of light in free-space from the aperture plane 77,6) to 
a parallel observation plane (x,y,zy The Rayleigh-Sommerfeld fonnulation is 
mathematically shown below: 

25 

U {x.y.zHz/j^) // U(^ 7,0) {cxpQkr))/r^d4dri 
Z 

where, r=(z^ + (x-Tjf + (y-^y^, S is the area of the aperture, and z is the distance that 
30 the light is propagated from an aperture plane (z = 0) to the observation plane. The 
formulation is valid as long as both the propagation distance and the aperture size are 
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greater than the wavelength of light These restrictions are based on the boundary 
conditions of the Rayleigh-Sommerfeld formulation, and the fact that the electric and 
magnetic fields cannot be treated independently at the boundaries of the aperture. To 
compute the complex wavefrnnt at the observation plane, each plane is discretized into an 
5 NxN mesh. Using a direct integration technique, the computational order of the 
Rayleigh-Sonmierfeld formulation is 0(N^). In the interest of reducing the 
computational load of using a full scalar technique, the Rayleigh-Sonmierfeld 
formulation has been recast using an angular spectrum technique. 

10 b. Angular Spectrum technique 

As an alternative to direct integration over the surface of the wavefront, the 
Rayleigh-Sommerfeld formulation can also be solved using a technique that is similar to 
solving linear, space invariant systems. Re-examining the Rayleigh-Sommerfeld 
formulation, it can be seen that the equation is in the form of a convolution between the 
15 complex wavefront and the propagation through free space. The Fourier transform of the 
complex optical wavefront results in a set of plane waves traveling in different directions 
away from the surface. Each plane wave is identified by the components of the angular 
spectrum. At the observation plane, the plane waves are summed together by perfonning 
an inverse Fourier transfonn, resulting in the propagated complex optical wavefipont at 
20 the observation plane. 

To solve the Rayleigh-Sommerfeld formulation with the angular spectrum 
technique, the complex wavefront at the aperture plane is first examined. The wave 
function U(x,y,z) has a 2D Fourier transform, A(vjcVy,OX in terms of angular frequencies, 
Vx and Vy. 

25 A(vjcVy,0) = II U{x,yfi) exp[-y2;r(v^x -^Vyy)] dxdy, where V;^ = sin QJX and ,Vy= sin 9y/A. 

From the equation, the plane waves are defined by exp[-j2;r(vx,x +Vj.y)] and the spatial 
frequencies define the directional cosines, sin (6x) and sin (0y), of the plane waves 
propagating from the origin of the aperture plane's coordinate system. 

The firee-space transfer function in the frequency domain has been computed by 
30 satisfying the Helmholtz equation with the propagated complex wave fimction, U(x,y,z): 
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3. Examples 

To highlight some of the advantages of the knowledge based automation 
technique, here are some examples comparing the knowledge based automation 
technique to current, state-of-the-art alignment algorithms. First examined is the 
5 coupling of a wavefiiont into a fiber in the near field, followed by a more complex system 
• coupling the output of a dif&active element into a fiber array. 

Example 1: Near Field Alignment 

In this example, the coupling of a plane wave propagating through a SOjmi square 

10 aperture and an 8 \xm fiber in the near field is examined. Under these circumstances, the 
system of the present invention provides better performance than the current automation 
method. As discussed above, current alignment automation techniques determine an 
initial set point through the visxialization of the position of the fiber relative to the 
aperture, and alignment of the geometrical optical axis with center of the fiber core. From 

15 this set point, the gradient ascent algorithm is performed to find the positional alignment 
that provides the maximum power coupled into the fiber. For a square aperture system in 
which the optical wavefi-ont has propagated into the far field, the wavefront power 
distribution will be a sine function in the x and y directions, with a power maximum at 
the geometric center of the system. Therefore, the visualization set point would lead to an 

20 attachment for the coupling of maximum power into the fiber. 

However, if the optical wavefiront has only propagated into the near field, the 
wavefiiont appears much different than that of the far field pattern, and attachment at the 
optical geometric axis will lead to a poor system performance. Demonstrating the 
difference between the near field and the far field, Figure 5 shows a cross-section of the 

25 intensity distribution of a plane wave propagating past a square aperture 22.5, 56.25, and 
225 ^m. As the wavefi"ont propagates fiirther past the aperture, it starts to move fi-om the 
near field to the far field as a "Gaussian-like" shape begins to appear in the center of the 
wavefiont. In the top of Figure 5, a diagram of the plane wave propagatmg durough an 
aperture is included 
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Using the knowledge based control technique to detennine the positional 
alignment for the maximum power coupled into the 8 ^mi fiber at a distance of 22.5 
past the aperture, the entire system is simulated to predict the best feed-forward set point 
for the contrni algorithm. Th^^ simulation is performed using the angular spectnim 

5 technique for solving the Rayleigh-Summerfeld formulation discussed above, since the 
output intensity distribution and a distribution of the power coupled into the fiber are 
detemiined. From the power distribution, the position of the maximum power value is 
scanned for, which becomes the feed-forward set point in the Knowledge based Control 
algorithm. The graph of the power distribution into the fiber is seen in Figure 6a, and the 

10 feed-forward set-point is approximately (7,7) jim. The intensity contour of a wavefi'ont 
propagated 22.5 \im past a 30 jim square aperture is shown in Figure 6b. 

In Figure 6a, the coupling of the fiber using the current state-of-the-art technique 
and the knowledge based control algorithm is also compared. The classic technique starts 
at a position close to the center of the geometrical optical axis and uses the gradient 

IS ascent algorithm, which stops the alignment loop at a local power maximum, denoted by 
the "X" in the figure. In contrast, the knowledge based control technique starts at the 
feed-forward position (in this example, it actually starts off of the set point by a couple of 
microns to simulate possible mechanical and system misalignments) and uses a gradient 
ascent algorithm to find the global maximum of power coupled into the fiber, denoted by 

20 the "O" in the figure. 

The paths of the gradient ascent algorithms for both the instant invention's 
method and the classical method are included on the intensity diagram. In this example, 
an increase in system performance of approximately 18% is achieved when using the 
knowledge based technique. The knowledge based peak does not just find the maximum 

25 intensity peak, it examines the entire power distribution, and finds the best system 
performance. 



Example 2: Fiber Array Automation 

In this example, an automated process for aligning and attaching a fiber array to a 
30 star coupler is examined. The star coupler is shown in Figure 7a. An array of 8 fibers is 
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coupled to the waveguide outputs of the star coupler. The spacing between the 
waveguides and the fibers in the fiber array are matched to increase system performance. 
To make the system more realistic, the star coupler input is excited with an optical pulse, 
with a tilt of 2 degrees^ which is a tilt misalignment that can he reasonably expected to 
5 occur during use of current semi-automatic assembly processes. With the use of 

simulation the output wavefiront that is expected firom the star couple can be determined. 
The 3D and 2D cross-section intensity contours, simulated in RSoft*s BeamProp, are 
shown at the edge of the output of the star coupler. These results are also seen in Figures 
7b-7c. 

10 As in Example 1 above, the current industry standard is first performed for 

alignment and packaging automation for comparison with the Knowledge based Control 
technique. This is achieved by performing the gradient ascent, or "hill climbing", 
technique to find the peak power position of the first fiber, as previously described above. 
The first possible error using the hill climbing technique is that the positioning of the first 

15 fiber can occur at a local maximum. This is shown in Figure 8, as both a two 
dimensional intensity contour and a three dimensional figure. The hill-climbing 
algorithm is started at a position, denoted by die circle in Figure 8, which is roughly half 
the array pitch spacing, in both the x and y direction, and runs until a maximum is 
determined. However, as denoted by the line with the symbol in Figure 8, the hill- 

20 climbing technique "zigzags" and stops at a local maxima (denoted by the square) before 
the global peak power for the first fiber. The peak intensity at this local position is 
0,0502 (AU). 

In contrast, die knowledge based control approach discussed above is shown by 
the path marked with the symbol in Figure 8. From the device model simulation, the 

25 "feed-forward" control block determines where the maximum power peak will occur and 
sets this initial position in the control loop. In this example, the initial point is positioned 
roughly 5% away from the maximum value, to simulate the possibility of optical 
modeling errors, equipment misalignments, and/or errors due to manufacturing 
tolerances. The technique quickly finds the maximimi power for coupling to the first 

30 fiber in the array, which is denoted by a star in Figure 8. The peak optical intensity found 
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at this peak is 0.2376 (AU), which is an increase of over 370% over the result of 
employing the current method as discussed above. 

Besides finding the global maximum power peak, the technique is more efficient 
when compared to the currentlv used alienment aleorithm. Even in thiR Qimnlf> pvamnlp 

^ ... 1 — C^'^J 

5 the number of time-steps, or steps that the motors had to take to get to the maximum 
power position, is much less for the knowledge based technique (~8 steps) than the 
standard hill-climbing technique (-23 steps), as seen in Figure 9, which got caught in a 
local minimum and did not even reach the peak power position. The time-steps, in 
essence, reflect the speed of the automation process of the present invention. 

10 

Example 3 

In Example 3, the algorithm for improving the performance of the entire system is 
described. The total power captured in the fiber array is examined. A conunon technique 
aligns a fiber array by determining the position for the maximum optical power in the 
15 first fiber, as showed in the example above. The remainder of the fiber array is then 
rotated around this position, until the maximum power is captured ui the last fiber of the 
array. It is then assumed that the rest of the fiber array is aligned. 

In this example, it is shown that in aligning a fiber array using this technique, the 
overall performance of the systeni is not considered. In contrast, the knowledge based 
20 control loop of the present invention can take the performance of all of die fibers into 
consideration and thereby provide an increase in total system performance. 

In this example, the total power of the fiber array is calculated by sununing the 
optical intensity at each of the center fiber positions in the array. In the case of the hill- 
climbing technique, if the peak position of the first fiber is caught in a local maximum, as 
25 seen in Figure 8, the total power of all 8 fibers is calculated to be 0. 1 959 (AU). If the 
hill-climbing algoridmi is allowed the benefit of the doubt that the true optical peak for 
the first fiber can be found at the global maximum value, the total power cdculated for 
the fiber array is 1.5296 (AU). 

In contrast, with the Knowledge based approach, the entire optical field space can 
30 be examined by taking a plurality of measurements of optical power at different 
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locations, and the position in which a certain alignment will achieve a maximum 
perfomiance for the entire system can be determined. The total power is calculated for 
each case, and the optimal position of the fiber array is chosen at the point where the 

be a maximum power of 2.0380 (AU), at a position offset from the first fiber center by 
about 3 jjm in the X direction. Comparing the instant invention's tedmique verses the 
standard hill-climbing technique, an improvement of over 33% is shown when the hill- 
climbing uses the peak maximum of the first fiber, and over 940% when the hill climbing 
method gets caught in the local maximum. 

In Figure 10, the positioning of each fiber in the array is shown using both the 
classical technique (centered at the peak power of the first fiber) and the Knowledge 
based technique. It can be seen that the Knowledge based control loop (denoted by the 

shape) is closer to more array peaks than the hill-climbing technique (denoted by the 
"0" shape). 

From the above examples, the effectiveness of the knowledge based method of the 
present invention can be seen. It is to be understood that even though numerous 
characteristics and advantages of the present invention have been set forth in the 
foregoing description, together with details of the method, the disclosure is illustrative 
only, and changes may be made within the principles of the invention to the full extent 
indicated by the broad general meaning of the temis in which the appended claims are 
expressed. 
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CLAIMS 

1 . A system for the automation of one or more of the design, assembly and 
5 packaging of optoelectromc devices comprising: 

(a) an automated manipulation device configured for the manipulation of an 
optoelectronic device component; 

(b) a knowledge based model derived from a set of one or more parameters 
for said optoelectronic device; 

10 (c) a database for storing said knowledge based model; 

(d) a measiiring device for taking a measurement of one or more parameters 
of at least one component of said optoelectronic device; and 

(e) a controller for managing said automated manipulation device, said 
controller enabled to receive information from said database; wherein said 

15 controller comprises an initial set point device which utilizes said 

knowledge based model to determine an initial set point for said 
automated manipulation device, and a servo-feedback loop which utilizes 
said measurement of one or more parameters of at least one component of 
said optoelectronic device to determine a manipulation of at least one 

20 component of said optoelectronic device. 

2. A system according to claim 1, wherein said one or more parameters 
comprises one or more parameters selected fix)m the group consisting of 
optical waveform characteristics and optical waveform features. 

25 

3. A system according to claim 2, wherein the knowledge based model 
comprises a model employing one or more of optical power, optical intensity, 
optical phase and optical polarization. 

30 4. A system according to claim 3, wherein the knowledge based model is derived 
using one or more of a Rayleigh-Sommerfeld formulation, an angular 
spectrum solution to a Rayleigh-Sommerfeld formulation, a Ray formulation. 
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a Gaussian formulation, a Fraunhofer Field Formulation, a Fresenel Field 
formulation, and vector solutions to Maxwell's equations. 

A system according to claim 4. wherein the knowledge based model is an 
optical power propagation model. 

A system according to claim S, wherein the optical power propagation model 
is derived using one or more of a Rayleigh Sommerfeld formulation and an 
angular spectrum solution to a Rayleigh Sommerfeld formulation. 

A system according to claim 1, further comprising a learning loop which 
makes adjustments to said knowledge based model based on actual experience 
in one or more of the design, assembly, packaging, use and maintenance of 
said optoelectronic device. 

A system according to claim 7, wherein said set of parameters comprises one 
or more parameters selected fix)m the group consisting of optical waveform 
characteristics and optical waveform features. 

A system according to claim 8, wherein the knowledge based model 
comprises a model employing one or more of optical power, optical intensity, 
optical phase and optical polarization. 

A system according to claim 9, wherein the knowledge based model is derived 
using one or more of a Rayleigh-Sommerfeld formulation, an angular 
spectrum solution to a Rayleigh-Sommerfeld formulation, a Ray formulation, 
a Gaussian formulation, a Fraunhofer Field Formulation, a Fresenel Field 
formulation, and vector solutions to Maxwell's equations. 

A system according to claim 10, wherein the knowledge based model is an 
optical power propagation model. 
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12. A system according to claim 1 1 , wherein the optical power propagation model 
is derived using one or more of a Rayleigh Sommerfeld formulation and an 
angular spectrum solution to a Rayleigh Sommerfeld formulation. 

5 

13. A system as claimed in claim 10, wherein at least one said measurement is 
employed by said learning loop in the adjustment of said knowledge based 
model. 

10 14. An automated method for one or more of the assembly and packaging of 
optoelectronic devices comprising the steps of: 

(a) providing an automated manipulation device configured for the 
manipulation of an optoelectronic device component; 

(b) determining an initial set point for said automated manipulation device 
1 5 torn a knowledge based model; 

(c) positioning said automated manipulation device at said set point; 

(d) measuring at least one parameter of a component of the optoelectronic 
device; 

(e) adjusting the position of said automated manipiilation device based on said 
20 measurement; and 

(Q repeating steps (dH^) until said optoelectronic device is assembled, 
packaged or assembled and packaged. 

15. A method according to claim 14, wherein said at least one parameter 

2S comprises one or more parameters selected firom the group consisting of 

optical waveform characteristics and optical waveform features. 

16. A method according to claim 15, wherein the knowledge based model 
comprises a model employing one or more of optical power, optical intensity, 

30 optical phase and optical polarization. 
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17. A method according to claim 1 6, wherein the knowledge based model is 
derived using one or more of a Rayleigh-Sommerfeld formulation, an angular 
spectrum solution to a Rayleigh-Sommerfeld formulation, a Ray formulation, 

» 

a Gaussian formulation, a Fraunhofer Field Formulation; a Fresenel Field 
5 formulation, and vector solutions to N4axweirs equations. 

18. A method according to claim 1 7, wherein the knowledge based model is an 
optical power propagation model. 

10 19. A method according to claim 1 8, wherein the optical power propagation 

model is derived using one or more of a Rayleigh Sonraierfeld formulation 
and an angular spectrum solution to a Rayleigh Sommerfeld formulation. 

20. A method according to claim 19, further comprising a learning loop which 

15 makes adjustments to said knowledge based model based on actual experience 

in one or more of the design, assembly, packaging, use and maintenance of 
said optoelectronic device. 

21. A method according to claim 20, wherein said set of parameters comprises 
20 one or more parameters selected from the group consisting of optical 

waveform characteristics and optical waveform features. 

22. A method according to claim 2 1 , wherein the knowledge based model 
comprises a model employing one or more of optical power, optical intensity, 

25 optical phase and optical polarization. 

23. A method according to claim 22, wherein the knowledge based model is 
derived using one or more of a Rayleigh-Sommerfeld formulation, an angular 
spectrum solution to a Rayleigh-Sommerfeld formulation, a Ray formulation, 

30 a Gaussian formulation, a Fraimhofer Field Formulation, a Fresenel Field 

formulation, and vector solutions to Maxwell's equations. 
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24. A method according to claim 23, wherein the knowledge based model is an 
optical power propagation model. 
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ABSTRACT 

A system and method for advanced device specific knowledge based modeling as 
well as intelligent control to yield high performance, low cost automation for 

5 optoelectronic design, packaging and assembly. The control loop design is based on 
knowledge based model predictive control. A knowledge model, specific to the 
assembled package's characteristics, is used to set the initial 'feed-forward" conditions of 
an automation system. In addition to this feed-forward model for setting the initial set 
point, the controller is designed with feedback components, along with the inclusion of a 

10 built in sensor. This system and method increases the efficiency of the automation 
process and the number of assembly steps can be greatly reduced. A method for the 
design, assembly and packaging of optoelectronic devices is also described. 
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